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摘 要 
丝裂霉素 C 是一种临床常用的广谱抗生素类抗癌药物。然而丝裂霉素 C 在
静脉注射给药中受到诸多限制，如生物利用度极低、体内半衰期极短、非特异性
全身分布、严重毒副作用等，使其最终到达肿瘤部位的血药浓度仅为静脉给药浓
度的 1/20 左右。因此，如何最大限度地提高药物疗效以杀伤肿瘤细胞同时把药
物毒副作用降低到最低程度无疑是丝裂霉素 C 在癌症化学治疗中的重要问题。
本研究立足于自组装技术，我们设计并开发了基于丝裂霉素 C-磷脂复合物的单
药纳米传递系统以及基于丝裂霉素 C（主药）-磷脂复合物和甲氨蝶呤前药（副
药）的双药纳米传递系统，并对这些体系的自组装构筑行为、药物稳定性能、药
物负载能力、药物释放和药代动力学行为、体内外药效学进行了系统的研究。本
文主要探讨了以下几方面的内容： 
制备了丝裂霉素 C-磷脂复合物，由此丝裂霉素 C-磷脂复合物自组装形成纳
米粒可以作为丝裂霉素 C 的纳米药物载体。我们使用核磁共振氢谱（1H NMR）、
差式扫描量热分析（DSC）、X-射线衍射分析（XRD）、傅里叶变换红外光谱
（FTIR）、透射电子显微镜（TEM）、高效液相色谱分析（HPLC）等分析手段证
明了丝裂霉素 C 与磷脂之间的有效复合，研究发现两者之间相互作用以静电作
用和氢键等为主。通过单因素考察和正交实验优化设计研究，丝裂霉素 C-磷脂
复合物的复合率高达 95.6%。另外，使用动态光散射（DLS）、电泳光散射（SLS）、
扫描电子显微镜（SEM）、透射电子显微镜（TEM）、原子力显微镜（AFM）等
考察负载丝裂霉素 C-磷脂复合物的自组装纳米粒的理化性质。丝裂霉素 C-磷脂
复合物自组装纳米粒表现为类似脂质体的囊泡结构，该结构完整、近似球形、水
化动力学直径大小为 210 nm、表面电势为-33 mV、药物包封率为 92%、载药量
为 24%，其体外药物释放分为突释和缓释两阶段。丝裂霉素 C-磷脂复合物自组
装纳米粒相比于负载丝裂霉素 C 的脂质体传统剂型（载药量 7%）而言，药物负
载能力显著提高。 
为进一步智能型控制药物释放、降低药物突释以及改善药物靶向性，我们以
丝裂霉素C-磷脂复合物为基础，使用反胶束-乳化-溶剂挥发法，利用亲疏水作用
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力驱动自组装可控构筑了基于丝裂霉素C-磷脂复合物、叶酸功能化、双重控制药
物释放的聚合物-磷脂杂化纳米粒，这种药物传递系统的优势是可以降低血液循
环中过早药物泄漏和突释（降低药物非特异性释放）和增加肿瘤细胞内的缓/控
释（增加药物特异性释放）。基于丝裂霉素C-磷脂复合物的叶酸功能化聚合物-
磷脂杂化纳米粒相比于丝裂霉素C以及基于丝裂霉素C-磷脂复合物的聚合物-磷
脂杂化纳米粒而言，宫颈癌细胞中的细胞摄取和细胞毒性均显著增强，大鼠中的
血液清除速度显著降低、生物利用度显著增加，荷瘤小鼠中的肿瘤累积程度显著
增加、抑瘤效果显著改善、同时减轻全身毒性。 
以负载丝裂霉素C-磷脂复合物的聚合物-磷脂杂化纳米粒体系为基础，我们
进一步合成了二硬脂酰基磷脂酰乙醇胺-聚乙二醇-甲氨蝶呤（DSPE-PEG-甲氨蝶
呤），并使用1H NMR、紫外-可见光吸收光谱（UV-vis）、FTIR、基质辅助激光解
吸电离飞行时间质谱（MALDI-TOF-MS）、HPLC证明了DSPE-PEG-甲氨蝶呤的
成功共轭，再以DSPE-PEG-甲氨蝶呤和丝裂霉素C-磷脂复合物为自组装基元构筑
了新型自我靶向、负载丝裂霉素C（主药，以丝裂霉素C-磷脂复合物剂型参与）
和甲氨蝶呤（副药，DSPE-PEG-甲氨蝶呤剂型参与）双重药物、多药协同治疗的
聚合物-磷脂杂化纳米药物传递系统。DSPE-PEG-甲氨蝶呤的靶向和抗癌双重作
用对纳米药物传递系统的多功能化协同高度简化起到关键作用。该系统的又一优
势是丝裂霉素C和甲氨蝶呤可以协调充分发挥“早期”（血液循环、肿瘤微环境
中）靶向作用和“晚期”（肿瘤细胞内）协同抗癌作用。基于丝裂霉素C-磷脂复
合物的负载双重药物自我靶向聚合物-磷脂杂化纳米粒相比于丝裂霉素C单一药
物、丝裂霉素C和甲氨蝶呤双重药物、基于丝裂霉素C-磷脂复合物的负载单一药
物聚合物-磷脂杂化纳米粒而言，宫颈癌细胞中的细胞摄取和细胞毒性显著增大，
实现细胞核和细胞质双重位点特异性运输以及协同毒性效应；大鼠中的血液清除
速度显著降低、体内半衰期显著延长；荷瘤裸鼠中的肿瘤蓄积程度显著增加、抑
瘤效果显著改善、同时减轻全身毒性。这些结果均表明该系统有效发挥协同抗癌
效果。 
关键词：自组装；丝裂霉素C-磷脂复合物；纳米药物输送系统；甲氨蝶呤；自我
靶向 
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Abstract 
Mitomycin C (MMC) is a kind of highly potent antibiotic with a wide 
anti-cancer spectrum extenisively used in clinic. However, MMC is subject to 
limitations associated with extremely low bioavailability, very short blood half-life, 
non-specific biodistribution, and severe side effects, thus the plasma MMC 
concentration at the tumor site is only one twentieth of MMC concentration of 
intravenous administration. Therefore, how to maximize the drug efficacy for killing 
tumor cells and minimize the side effects of drug is undoubtedly an important issue of 
the MMC in cancer therapy. In the present study, on the basis of self-assembly 
technique, we developed MMC-phospholipid complex based nanoscale single-drug 
delivery systems, and both MMC-phospholipid complex and methotrexate 
(MTX)-prodrug based nanoscale double-drugs delivery systems. The self-assemble 
behaviors, drug stability, drug-loading ability, drug release and pharmacokinetic 
behavior, as well as in vitro and in vivo drug efficacy of those drug delivery systems 
were systemically investigated. 
We prepared MMC-phospholipid complex to self-assemble into nanoparticles 
which were served as the MMC-loaded drug carriers. We proved the effective 
complexation between MMC and phospholipd using (
1
H) nuclear magnetic resonance 
(
1
H NMR), differential scanning calorimetry (DSC), x-ray diffraction (XRD), fourier 
transform infrared spectra (FTIR), transmission electron microscope (TEM), and 
high-performance liquid chromatography (HPLC). We further demonstrated that the 
electrostatic interaction and hydrogen-bonding interaction integrating and 
coordinating weak interactions acted an important role between MMC and 
phospholipid. The preparation of MMC-phospholipid complex was optimized by 
single-factor and orthogonal experiments, in which the complexation rate was up to 
95.6%. In addition, we investigated the physiochemical characteristics of 
self-assembled nanoparticles loaded with MMC-phospholipid complex using dynamic 
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light scattering (DLS), electrophoretic light scattering (SLS), scanning electron 
microscope (SEM), transmission electron microscope (TEM), and atomic force 
microscope (AFM). The self-assembled nanoparticles loaded with 
MMC-phospholipid complex had a liposome-like intact vesicle structure, a spherical 
shape, a hydrodynamic particle size of 210 nm, a zeta potential of -33 mV, drug 
encapsulation efficacy of 92%, drug-loading content of 24%, and a bi-phase drug 
release manner (initial burst drug release and subsequent sustained drug release). The 
MMC-phospholipid complex-loaded nanoparticles possessed the advantage over the 
MMC-loaded liposomes (drug-loading content of 7%) in drug-loading ability.  
Based on the MMC-phospholipid complex, we used reverse 
micelles-emulsification-solvent evaporation through hydrophilic-hydrophobic 
interaction-induced self-assembly to construct MMC-phospholipid complex-based, 
folate functionalized, and dual-controlled drug release polymer-lipid hybrid 
nanoparticles for a further intelligent controlled drug release, reduced drug burst 
release, and improved drug targeting effect. The advantage of this kind of drug 
delivery systems was that it could reduce the premature drug leakage and burst release 
(reduce the non-specific drug release) and increase the sustained and controlled drug 
release (increase the specific drug release). The MMC-phospholipid complex-based 
and folate functionalized polymer-lipid hybrid nanoparticles significantly enhanced 
the cellular uptake and cytotoxicity against HeLa cells, reduced the blood elimination 
rate and increased the bioavailability in SD rats, more importantly, and improved the 
antitumor effect while reducing the systemic adverse effect against tumor-bearing 
mice compared with free MMC. 
Based on the MMC-phospholipid complex-loaded polymer-lipid hybrid 
nanoparticles, we further synthetized 
1,2-distearoyl-snglycero-3-phosphoethanolamine-N-methotrexate(polyethylene glycol) 
(DSPE-PEG-MTX) and validated it using (
1
H) nuclear magnetic resonance
 
(
1
H NMR), 
ultraviolet and visible absorption spectrum (UV-vis), fourier transform infrared 
spectra (FTIR), matrix-assisted laser desorption/ionization time of flight mass 
spectrum (MALDI-TOF-MS), and high-performance liquid chromatography (HPLC). 
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Then we used DSPE-PEG-MTX and MMC-phospholipid complex as self-assemble 
moties to controllably construct the novel self-targeted, both MMC and MTX 
drugs-loaded, multi-drugs-synergistically treated polymer-lipid hybrid nanoscaled 
drug delivery systems. The dual roles (targeting and anticancer) of DSPE-PEG-MTX 
as a functional self-assemble motif played a vital role in the multi-functionalization 
coordinated with highly simplification of the nanoscaled drug delivery systems. 
Another advantage of the systems was that both MMC and MTX could coordinate 
and cooperate the early-phase targeting effect (in blood circulation and tumor 
microenvironment) and late-phase synergistically anticancer effect (inside tumor 
cells). Compared with the free MMC, physical mixture MMC and MTX, and 
MMC-phospholipid complex-based and single drug-loaded polymer-lipid hybrid 
nanoparticles, the MMC-phospholipid complex-based and both drugs-loaded 
self-targeted polymer-lipid hybrid nanoparticles significantly enhanced the cellular 
uptake and cytotoxicity and realized the site-specific drug delivery to nucleus and 
cytoplasm and synergistic cytotoxicity against HeLa cells, reduced the blood 
elimination and proloned the blood half-life in SD rat, and synergistically enhanced 
the antitumor effect while decreasing the systemic toxicity against tumor-bearing 
nude mice. 
Keywords: self-assembly; mitomycin C-phospholipid complex; nanoscaled drug 
delivery systems; methotrexate; self-targeting 
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